ABSTRACT Micromotion features of a target contain unique structural information and motion information about the target, which can be used as an important basis for target recognition. One of the technical bottlenecks for micromotion feature extraction is achieving a fine characterization of the target motion state. With the high-precision range and velocity measurement, this paper uses the phase-derived method to reconstruct the motion state of the target and realize accurate translational compensation for the target. At the same time, the high range resolution of wideband radar is used to effectively extract target scattering points with micromotion from the perspective of the one-dimensional high range resolution profile and the two-dimensional inverse synthetic aperture radar (ISAR) image. On this basis, reliable micromotion feature extraction can be achieved by using the slow variability of the target motion and eliminating the translational or rotational information of the target. The performance of the high-precision range and velocity measurement and the feasibility of the micromotion feature extraction based on phase-derived range and velocity measurement are verified by simulation results. Then, the effectiveness of the proposed algorithm is further verified by carrying out a steel ball ejection experiment and a civil aviation aircraft experiment.
I. INTRODUCTION
With the rapid development of target feature control technology such as the stealth and camouflage and spoofing technology of false target imaging, target detection and recognition methods based on radar features such as the target shape and size have been severely challenged [1] , [2] . Micromotion is the small movement of the target or target components, such as vibration, precession, rotation, and tumbling, in addition to the translation of the target center [3] , [4] . The influence of the micromotion of the target on the radar echo is mainly reflected in the echo micro-Doppler modulation, the radar cross-section (RCS) modulation and the polarization modulation. The target micromotion feature contains unique structural information and motion information about the target,
The associate editor coordinating the review of this article and approving it for publication was Zhong Wu. which can be used as an important basis for target recognition. Due to the limitations of current technologies, the ability to control the target micromotion is still relatively low, so micromotion features are of great significance for the detection and identification of various types of micromotion targets [5] .
In recent years, most studies in the literature have extracted micromotion features from the perspective of a one-dimensional range profile using time-frequency analysis [6] - [8] . Time-frequency analysis is not suitable for smallamplitude micromotion as it is limited by the time-frequency resolution. Compared to a one-dimensional range profile, two-dimensional ISAR images can better distinguish each scattering point. In [9] , a micromotion feature extraction method based on spectral cancellation was proposed. The method assumed that the Doppler induced by the main body could be depicted in the form of a straight line, and the Doppler induced by the micromotion could be regarded as a VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ sinusoidal modulation in a spectrogram. The method is easy to implement, but it requires that the amplitude and position of the main body are invariable. In [10] - [12] , ISAR imaging of a moving target with rotating parts based on the Hough transform was introduced. Since this method is based on the perspective of the image domain, the effect is dependent on the quality of the ISAR image. In [13] , [14] , ISAR imaging for micromotion targets based on multiple sparse Bayesian learning was proposed. In [15] , an ISAR imaging algorithm was proposed to extract the micromotion features of rotating parts based on the empirical model decomposition. Both these methods are applicable under large amplitude micromotion conditions and will not be applicable when the micromotion amplitude is small. In summary, the key to micromotion feature extraction is to achieve accurate translational compensation, improve the radar's ability to measure small-amplitude micromotion and effectively distinguish each scattering point. In this paper, based on phase-derived range measurement (PDRM) and phase-derived velocity measurement (PDVM), micromotion feature extraction is discussed from the perspective of the one-dimensional high range resolution profile (HRRP) and the two-dimensional ISAR image. The PDRM and PDVM techniques can achieve an accurate range and velocity estimation by analyzing the phase changes of adjacent frames, which can meet the accuracy and data rate requirements of micromotion feature extraction [16] - [19] . Based on the high range resolution performance of wideband radar, the scattering points can be distinguished from the one-dimensional HRRP [20] . Compared with the onedimensional HRRP, the two-dimensional ISAR image can reflect more details of the target, such as the size, shape, structure and posture, which can better distinguish each scattering point.
The main research contents of this paper are organized as follows. First, a micromotion target with parts that undergo sinusoidal vibrations is modeled. On one hand, for a target with a prominent scattering point, the PDRM and PDVM methods are discussed. On this basis, the micromotion feature extraction based on a one-dimensional HRRP is proposed. The method uses the low-order characteristics of the translation and the sinusoidal modulation characteristics to separate the translational component and micromotion component and then reconstructs the target micromotion trajectory. On the other hand, for a complex target without a prominent scattering point, the use of PDVM based on the range profile cross correlation (RPCC) to realize accurate translational compensation of the ISAR image is discussed. A precise velocity estimation at the target Doppler center can be obtained, which can be used to achieve the target translational compensation; and obtain high quality ISAR images. On this basis, a micromotion feature extraction method based on two-dimensional ISAR images is proposed. Finally, the proposed algorithm is verified by simulation analysis and measured data. 
II. SIGNAL MODEL FOR MICROMOTION TARGETS
Suppose that a target is moving to the right along the u-axis with velocity v. The radar is located at the origin O of the radar coordinate system UOV . The target center is located at point O , as shown in Fig. 1 . In this figure, XO Y denotes the imaging plane. The target model contains I scattering points, P i (x i , y i ) 1 ≤ i ≤ I , which can be divided into two types: the scattering points without micromotion and the scattering points with micromotion.
When the radar is transmitting the p-th frame signal, the distance between the target center O' and the radar is denoted by r t p , and the angle between the target center and the radar movement is θ t p , where t p is the transmitting time of the p-th frame signal. For the scattering point without micromotion, the range between the i-th scattering point and the radar can be expressed as:
For the scattering point with micromotion, let the micromotion amplitude be r m , the micromotion frequency be w m , the initial phase of the micromotion be θ m0 , and the micromotion direction be parallel to the line of sight of the radar; then, the range between the i-th scattering point and the radar can be expressed as:
The first term in (2) contains the translational component of the target, which is related to the macro motion of the target. The second term and third term represent the rotational component of the target, which is the basis of ISAR imaging. The fourth term is the micromotion component of the target. Generally, the micromotion component is relatively small and mixed with the translational and rotational components, which is not easy to extract.
It should be noted that this paper discusses only the micromotion feature extraction technology with small amplitudes. The micromotion of small amplitude is defined as the micromotion amplitude that is less than a half wavelength. For large amplitude micromotion targets, its detection technology is relatively mature, and the measurement difficulty is relatively low. For small-amplitude micromotion targets, it can be assumed that the RCS fluctuation of the adjacent frame echoes is small and does not have a significant effect on ISAR imaging.
III. MICROMOTION FEATURE EXTRACTION
Typical wideband stepped frequency radar signals include the stepped frequency (SF) signal, the chirp SF signal and the phase-coded SF (PCSF) signal. Both the PCSF signal and chirp SF signal can be equivalent to the SF signal after pulse compression. Thus, for simplicity, an echo model is built with the SF signal as an example and a subsequent processing algorithm is discussed based on this model. The method proposed in this paper is also applicable to the chirp SF signal and PCSF signal. The SF signal can be expressed as [21] , [22] :
where T r is the pulse repetition time, τ is the pulse width, f 0 is the initial carrier frequency, f is the SF interval and N is the number of the SF. The received signal without noise and interference can be derived as follows:
where σ i is the complex backscattering coefficient and c is the speed of light. First, an echo model for a single scattering point and the results after coherent integration are analyzed. The echo signal for a single scattering point can be expressed as:
After down conversion processing, the baseband echo signal can be derived as follows:
The HRRP is obtained as:
where f c = f 0 + (N − 1) /2 f denotes the center carrier frequency. Based on the linear property of the Fourier transform, each scattering point is implemented similarly. Therefore, for the target, its HRRP is:
The prominent scattering point is a scattering point with extremely strong amplitude among many scattering points in some range cells. The intensity of the prominent scattering point far exceeds that of the sum of clutter and noise. Suppose that a target with micromotion parts contains a prominent scattering point, which can be separated in the HRRP, that is, an isolated scattering point. In this case, an algorithm based on the high-precision PDRM method is proposed. Wideband radar has high range resolution and can distinguish each scattering point. The phase information of the prominent scattering point can be extracted directly from the HRRP, and the range and velocity measurement results of the target can be obtained. Then, the micromotion information is extracted for the single prominent scattering point. For the single prominent scattering point, its rotational component can be considered to be zero, which means only the translational component and the micromotion component are included in the echo:
According to (7), extract the phase value at the peak point of the HRRP:
The second term in (10) is known, so it can be assumed that this term has been compensated in the following process. Since the real range of the target and the initial phase of the system are often unknown in practical situations, the range increment and phase difference of adjacent frames can be analyzed instead. Let R = R t p+1 − R t p , and the phase difference of adjacent frames can be obtained as:
Thus, the range increment of adjacent frame can be obtained by (11) . The velocity estimation results can also VOLUME 7, 2019 be obtained by dividing the range increment by the frame period. It can be seen from (11) that the phase difference of the radar echo varies with the target range increment. When the range increment varies by half the wavelength, the phase difference will vary by 2π . If the target speed is larger, the range increment change is greater than half the wavelength, which will make the phase ψ ambiguous:
where k is an ambiguous integer and ϕ is an ambiguous phase. The key to the PDRM method is to solve the phase ambiguity. The phase ambiguity can be solved by using the wideband envelope range measurement (WERM) results. The range measurement can not only be obtained by the peak position of the HRRP but also be accurately obtained by utilizing the envelope of the HRRP. The WERM method calculates the area center of the main lobe of the HRRP and regards it as the target range [23] , [24] . The specific implementation steps are as follows:
1) Extract the peak phase of the HRRP of each frame, and obtain ϕ by the first-order difference. 2) Perform WERM on the HRRP of each frame. Then, the WERM result of the range increment of the adjacent frame can be obtained. Substitute the WERM result into (11), then the corresponding phase can be obtained and denoted by ψ . 3) Solve the ambiguous integer:
4) Then the unambiguous phase can be obtained as:
Utilizing the WERM result to solve the phase ambiguity requires a high signal-to-noise ratio (SNR). To accurately determine the phase ambiguity, when the maximum error of the WERM is converted to a phase, its absolute value needs to be less than π radians; that is, the root-mean-square error (RMSE) should be less than π/3 radians. The SNR needs to meet the following conditions to correctly resolve the phase ambiguity.
According to [18] , the theoretical RMSE of the WERM is:
where β is the effective signal bandwidth and the SNR is the value after pulse compression. Therefore, if the phase ambiguity can be correctly resolved, the RMSE of the WERM should satisfy:
Therefore, the SNR needs to satisfy:
For a single frame signal, it is very difficult to achieve such a high SNR in practice. If the SNR does not satisfy (17) , that is, in the case of a low SNR, the envelope measurement accuracy can be improved by a track filter [23] . A track filter is equivalent to an incoherent accumulation of the existing echo information, which can significantly reduce the SNR requirement. At the same time, taking advantage of the slow variability of the target motion, a method for resolving the phase ambiguity by combining multiple-frame was proposed [19] .
2) MICROMOTION FEATURE EXTRACTION BASED ON THE HRRP
The range increment of adjacent frames can be obtained according to the PDRM based on the prominent scattering point. Analyze the adjacent frame range increment: 
The micromotion trajectory can be obtained by accumulating (19) :
In the case of a multiple-scattering-point complex target, the target can be regarded as a whole target, and PDVM based on range profiles cross correlation (RPCC) can be performed. This processing can achieve accurate velocity estimation at the Doppler center of a complex target, satisfying the ISAR imaging translational compensation accuracy requirements.
Assuming that the target echo does not change in speed and the RCS in two adjacent frames, the echo signal of the two adjacent frames for the i-th scattering point can be expressed as: 
The result of the RPCC output at the peak position k can be obtained as:
It can be seen from (22) that the peak position of the RPCC output is related to only the translational velocity. The phase of the RPCC output mainly includes two parts: a translational phase term and a rotational phase term. The rotational phase term is related to the position of each scattering point. The summation term in (22) can be regarded as an amplitude-weighted average result of the Doppler information of each scattering point, that is, the Doppler center of the target. According to the ISAR imaging model, it can be seen that the equivalent Doppler frequency at the Doppler center is zero. Therefore, the peak position and phase in (22) can be considered to be related to only the target translation.
A similar envelope velocity measurement can be implemented based on the envelope of the RPCC, that is, WEVM. A similar phase-derived technique can be used to estimate the velocity based on the phase term of the RPCC output, that is, the PDVM. The method of resolving the phase ambiguity under low SNR conditions can also refer to section III.A.
2) ISAR IMAGING TRANSLATIONAL COMPENSATION BASED ON THE PDVM
The essence of the PDVM method based on the RPCC output is to obtain the range increment of the adjacent frame first and then divide the range increment by the frame period to obtain the target velocity. Therefore, the range increment can also be obtained. Suppose r 0 is the distance between the radar and the target Doppler center when transmitting the first frame signal. Take r 0 as the reference range, and the relative range increment of other frame is calculated, which is the adjustment value l (p) required for the envelope alignment [25] . After obtaining the adjustment value l (p), the envelope alignment can be achieved by introducing a phase ramp in the frequency domain.
The translation phase term that needs to be compensated can be written as:
The following equation can be obtained after the envelope alignment and phase compensation:
where
Assume that θ t p approximately varies linearly, that is, θ t p = ωt p , where ω is the angular rotation velocity [26] . The following equation can be approximated written as: sin ωt p ≈ ωt p , cos ωt p ≈ 1. Thus, (25) can be expressed as:
In high-resolution imaging applications, the radial velocity at the scattering center will also cause migration through resolution cells (MTRC) [27] . To solve the problem of MTRC at the scattering center in the imaging observation period, the range migration at the scattering center can be adjusted using the keystone transformation. Thus, the output after MTRC compensation can be written as follows: 
The third and fourth terms in (27) are the phase terms related to the azimuth dimension, wherein the third term is the phase term caused by the rotational component, and the fourth term is the phase term caused by the micromotion component. The presence of the micromotion component will affect the azimuth focus result, which in turn affects the ISAR imaging quality.
The effect of the micromotion component is not considered here: that is, the scattering points without micromotion are analyzed: Finally, the ISAR imaging result is obtained through an FFT in the azimuth direction [28] , [29] :
where k and l are the imaging unit numbers in the range dimension and azimuth dimension, respectively. Assume that K andL are the total number of imaging units in the range dimension and azimuth dimension, respectively, where
3) MICROMOTION FEATURE EXTRACTION BASED ON ISAR IMAGES
The influence of the micromotion component is not considered in the above process in section 2). The following supplementary explanation is given. The subsequent analysis is only for single scattering point targets. Since their data processing involves linear operations, the processing can be extended to complex targets with multiple scattering points. Ignore the terms that are not related to the azimuth dimension, and the slow time can be expressed as t p = kNT r . Reorganize (27) as follows:
and let
The FFT of (30) is: In (34), J n (b 1 ) is the n-th first-order Bessel function. It can be observed from (34) that the micromotion scattering point will appear as pairs of echoes at a fixed interval on the ISAR image, symmetrically distributed with respect to the main echo. If the amplitude of the micromotion is large, there is more than one pair of echoes. The amplitude ratio of the paired echo and the main echo is J n (b 1 ) J 0 (b 1 ), and the distance of the paired echoes from the main echo is ±nb 2 . If the micromotion amplitude is small, the above equation can be simplified. That is, if b 1 is less than 0.5 radians, the Bessel function can be approximated as follows:
Then, (34) can be simplified as:
For S-band (f c = 3GHz) radar, let b 1 < 0.5, and then r m < 0.004. It can be seen that when the micromotion amplitude is less than 4 mm, the above simplification can be performed. At this time, only one pair of echoes appears after imaging, which is symmetrically distributed with respect to the main echo.
Based on the analysis of the micromotion parts, the process of selecting the information of the micromotion component is proposed as follows:
1) Select the point that appears as pairs of the echo on the ISAR image and denote its range units as k. ϕ * is the corresponding phase of the micromotion scattering point, which contains not only the micromotion component but also the rotation component. Then, the phase information of the rotation component can be extracted based on the low-order characteristics by multiorder fitting. The micromotion component can be reconstructed by the method proposed in section III.A.2. Finally, the micromotion trajectory and the micro-Doppler spectrum can be analyzed based on the phase of the micromotion component.
IV. SIMULATION AND EXPERIMENTAL VALIDATION
This section carries out a simulation analysis and a field experiment validation from the perspective of the one-dimensional HRRP and the two-dimensional ISAR image. According to [4] , the smoothed pseudo Wigner-Ville [4] , [16] , [17] discusses the application of the time-frequency representation on the premise of a stationary target, which means that the translational part is not contained in the echo model. As a result, the translational part has been compensated when the SPWVD method is adopted.
A. MICROMOTION FEATURE EXTRACTION BASED ON THE HRRP
First, the high-precision performance of PDRM and PDVM is verified by simulation. In addition, the micromotion information is added to verify the feasibility of the micromotion feature extraction algorithm based on PDRM and PDVM. Then, based on S-band wideband radar, an ejection steel ball experiment is carried out to further verify the effectiveness of the proposed algorithm. Both the simulation and experimental data adopt the SF signal with a 320 MHz synthetic bandwidth.
According to [18] , the theoretical RMSE of the PDRM is:
1) SIMULATION ANALYSIS
Assume that there are two kinds of motion forms of the target relative to the radar, namely, uniform motion and variablevelocity motion. The real velocity of the target in both forms of motion is 35 m/s, and the SNR of the synthetic HRRP is 20 dB.
The range increment measurement results by the WERM method is shown in Fig. 2. Fig. 2 (a) gives the WERM result. The solid blue line represents the measured value in the simulation, the green solid line represents the least square fitting results of the measured value, and the red dotted line represents the true value. Fig. 2 (a) shows that the green solid line and dotted red basic essentially coincide, which means the least square fitting results are consistent with the true value; Fig. 2 (b) shows the WERM error. According to the statistics, the RMSE of the WERM is 25.6 mm. According to (15) , the theoretical RMSE is 24.9 mm. Fig. 3 shows the range increment measurement result from the PDRM, where each curve in Fig. 3 (a) has the same meaning as above. As shown in Fig. 3 (b) , the RMSE of the PDRM is 0.729 mm. According to (37), the theoretical RMSE is 0.724 mm, which is consistent with the simulation results. Divide the PDRM result by the frame period, and the PDVM result is shown in Fig. 4 . Similarly, from the statistics, the RMSE of the PDVM is 0.445 m/s, and the theoretical RMSE is 0.442 m/s. Then, the micromotion information is added into the model, in which the micromotion amplitude is 2 mm and the micromotion frequency is 4 Hz.
The PDRM and PDVM results of the target can be obtained by the proposed algorithm. Removing the translational information from the PDVM results, the remaining results are the measurement error and micromotion information. Integrating the results with respect to time, the micromotion trajectory with the measurement error can be obtained. In addition, the PDRM results can be accumulated to obtain the target motion trajectory. Then, fit the target motion trajectory with the least square method. After removing the translation component, the target micromotion trajectory can also be obtained. According to [16] and [18] , it can be seen that the PDRM error will not accumulate. The final micromotion measurement results are shown in Fig. 5 (a) . It can be seen from the figure that the micromotion has minor fluctuations due to the influence of noise. The corresponding micro-Doppler spectrum is shown in Fig. 5 (b) . According to the figure, the micro-Doppler is 4 Hz, which is consistent with the truth value.
If there is a certain angle between the moving direction of the target and the radar, the radial movement of the target and the radar will be variable-velocity motion. To compare the following experimental results, the micromotion amplitude is set as 0.5 mm and the micromotion frequency is set as 11 Hz. In addition, the SNR of the synthetic HRRP is set as 40 dB. The corresponding PDVM results and micromotion measurement results are shown in Fig. 6 and Fig. 7 respectively. The SPWVD results are shown in Fig. 8 . Compared with the time-frequency method, the PDVM method can better extract the target's micromotion trajectory and its micro-Doppler spectrum.
2) EXPERIMENTAL VERIFICATION
Based on S-band synthetic wideband radar, the steel ball ejection experiment is carried out. The steel ball is 5 cm in diameter and hollow inside, and it contains a small spring ball, which causes the steel ball to produce micromotion during the ejection process. The micromotion information of the steel ball is measured by synthetic wideband radar.
The PDVM results of the steel ball are shown in Fig. 9 (a) , where the solid blue line is the measured value and the dotted red line is the least square fitting value. The difference between the two values is regarded as the fluctuation error of the PDVM, as shown in Fig. 9 (b) . To obtain higher SNR, signal accumulation and clutter removal processing are conducted. The SNR is larger than 40 dB from 0 to 1 s. As shown in Fig. 9 , the fluctuation error of the PDVM contains obvious micromotion information from 0 to 1 s due to the high-precision velocity measurement results under the high SNR condition. From 1 s to 1.6 s, the SNR is approximately 30 dB; thus, the fluctuation error is relatively larger than the fluctuation error from 0 to 1 s.
By integrating the PDVM error with respect to time, the micromotion trajectory and micro-Doppler spectrum of the steel ball are shown in Fig. 10 (a) and (b) , respectively. As shown in Fig. 10 , the micromotion amplitude is approximately 0.5 mm, and the micromotion frequency is approximately 11 Hz, which effectively validates the ability of the method to extract micromotion features based on the high-precision PDRM and PDVM. The SPWVD results of the steel ball are shown in Fig. 11 for comparison. It is indicated that the micromotion with small amplitude is not obvious in the SPWVD results.
B. MICROMOTION FEATURE EXTRACTION BASED ON THE ISAR IMAGE
In the following part, first the feasibility of realizing translational compensation for complex targets by using the PDVM method based on RPCC is verified through simulation. On this basis, the micromotion information is added to verify the feasibility of the micromotion feature extraction algorithm based on the ISAR image. Then, based on S-band synthetic wideband radar, the civil aviation aircraft experiment is carried out to further verify the effectiveness of the proposed algorithm. The PCSF signal is used for both the simulation data and the experimental data, and the synthetic bandwidth is 320 MHz.
1) SIMULATION ANALYSIS
The aircraft model in the simulation is shown in Fig. 12 . Assume that the initial angle of the aircraft and the radar is 50 • , the rotating speed is 1.5 • /s and the translational speed is 300 m/s; 256 frames of data are accumulated, and the imaging time is approximately 1 s. The echo SNR of each scattering point is set as -21 dB, and the SNR after pulse compression is approximately 15 dB.
The micromotion is not considered in the model initially. The WEVM results and PDVM results are shown in Fig. 13 and Fig. 14, respectively . Since the PDVM based on the RPCC method is adopted for this relatively complex echo model, the least square fitting result is regarded as the true velocity value at the target Doppler center, and the difference between the measured value and the fitting value is regarded as the fluctuation error of the measurement result. According to the statistics, the RMSE of the envelope velocity measurement is 8.12 m/s, and the RMSE of the PDVM is 0.10 m/s.
ISAR imaging translational compensation is carried out based on the above PDVM results, and the ISAR image is shown in Fig. 15 .
Then, the micromotion is modulated for one of the scattering points. The micromotion amplitude is 6 mm, and the micromotion frequency is 2 Hz. The aircraft ISAR image is shown in Fig. 16 . It can be seen from the figure that a pair of strong echoes appears in the red oval area. Three scattering points exist in the 717-th range cell. One of the three scattering points is modulated with micromotion, and it appears as pairs of echoes.
To show the effectiveness of the proposed algorithm, all the information in the 717-th range cell is extracted. Phase analysis results are shown in Fig. 17 (a) . The blue curve represents the rotational and micromotion phase component. The red curve represents the rotational phase component, which can be reconstructed by low-order fitting. The micromotion trajectory and micro-Doppler spectrum are shown in Fig. 17 (b) and Fig. 17 (c) , respectively. The micromotion amplitude and micro-Doppler value are completely wrong in Fig. 17 compared to the true value because the micromotion information is disrupted by the energy of other scattering points in the same range cell.
Then, the process of the selecting algorithm is conducted and the information of the micromotion component in the red oval area is extracted. The phase information of the micromotion scattering point is obtained, and the results are shown in Fig. 18 (a) . By eliminating the rotational phase component in the phase information of the scattering point, the micromotion trajectory of the scattering point is shown in Fig. 18 (b) , and the corresponding micro-Doppler spectrum is shown in Fig. 18 (c) . It can be seen from the figure that the micromotion amplitude fluctuates greatly due to low SNR, but the micro-Doppler can still be accurately measured.
2) EXPERIMENTAL VERIFICATION
Based on S-band synthetic wideband radar, the civil aviation aircraft experiment is carried out. One section of the echo data is intercepted, and the corresponding PDVM result is shown in Fig. 19 . The RMSE of the PDVM is 0.043 m/s.
The PDVM results above are used to realize translational compensation for ISAR imaging. The corresponding aircraft ISAR image is shown in Fig. 20 (a) . Similarly, the micromotion information of the scattering points in the red ellipse is analyzed, and the results are shown in Fig. 20 (b)∼(d) . According to the figure, the micromotion spectrum is approximately 2 Hz.
V. CONCLUSION
There is a technical bottleneck in micromotion feature extraction due to the imprecision of translational compensation, the difficulty in distinguishing the scattering points and the invisibility of a small-amplitude micromotion feature. This paper uses the high-precision range and velocity measurement performance of the phase-derived method to achieve accurate translational compensation. At the same time, the scattering points are distinguished, and the micromotion feature is effectively extracted from the perspective of the one-dimensional HRRP and the two-dimensional ISAR image. In addition, since the precision of the phase-derived measurement is in the order of phase magnitude, the main advantage of this paper is that it can realize small-amplitude micromotion feature extraction. Compared with the micromotion extraction method based on the one-dimensional HRRP, the micromotion extraction method based on the ISAR image can select the appropriate Doppler unit and range unit to avoid the influence of adjacent scattering points.
In this paper, the performance of the high-precision range and velocity measurement and the feasibility of the micromotion feature extraction based on PDRM and PDVM are verified by simulation results. At the same time, based on the S-band synthetic wideband radar, experiments on steel ball ejection and civil aircraft are carried out, which further verify the effectiveness of the proposed algorithm. The research work in this paper can promote the engineering applications of PDRM and PDVM techniques and meanwhile broaden the signal processing ideas of micromotion feature extraction.
